Abstract:
The induced superconductivity (SC) in a robust and scalable quantum material with strong Rashba spin-orbit coupling is particularly attractive for generating topological superconductivity and Majorana bound states (MBS). Gold (111) thin film has been proposed as a promising candidate because of the large Rashba energy, the predicted topological nature and the possibility for large-scale MBS device fabrications. 1 We experimentally demonstrate two important steps towards achieving such a goal. We successfully show induced SC in the Shockley surface state (SS) of ultrathin Au(111) layers grown over epitaxial vanadium films, which is easily achievable on a wafer scale. The emergence of SC in the SS, which is physically separated from a bulk superconductor, is attained by indirect quasiparticle scattering processes instead of by conventional interfacial Andreev reflections. 1 We further show the ability to tune the SS Fermi level ( ) by interfacing SS with a high- dielectric ferromagnetic insulator EuS. The shift of from ~ 550 mV to ~34mV in superconducting SS is an important step towards realizing MBS in this robust system. One Sentence Summary: Surface state superconductivity near the Kramer's degeneracy point of Rashba band in ultra-thin gold with strong spin-orbit coupling.
Main text:
The Shockley surface state (SS) of Au(111) is well-known to feature strong Rashba spinorbit coupling (SOC) and recently has been predicted to have topological nature. 2, 3 Such strong SOC, reaching 110 meV and orders of magnitude stronger than those in semiconductors, has been theoretically shown to produce robust MBS once the SS attains SC. 1 Experimentally achieving SC in SS of Au, therefore, will lay the foundation for obtaining much more robust MBS. Since large-scale design and fabrication of nanowire network out of wafer-scale Au (111) thin film is possible, Au(111) is a scalable platform that would realize a variety of proposed schemes to manipulate the MBS.
The SS band has no direct overlap with the projection of the bulk gold band on the (111) surface and the standard mechanism of superconducting proximity effect does not apply. Our prior theoretical work has shown that a finite superconducting pair amplitude is generated in SS through elastic or inelastic scattering processes even though the SS are not directly in touch with a superconductor. 1 Although it is not clear how this new mechanism will work in practice, it is important to demonstrate the superconductivity in SS experimentally. A second problem is that the Fermi energy of the SS is very large, ~550 meV, and holds many transverse sub-bands for any realistic nanowire width. It will be important to reduce the Fermi energy. In this paper we demonstrate that by depositing EuS on the gold surface, a giant shift from ~550 meV to ~34 meV is achieved. Further, EuS has the added advantage that it is a ferromagnet insulator and can enhance the Zeeman energy by exchange interaction. By using EuS as a barrier in tunnel junction, we see evidence of the magnetism by change of coherence peak height as a function of the magnetic field.
We have achieved surface state SC by using pristine (111) surface of ultra-thin (4 nm) wafer-scale Au film grown on vanadium, a s-wave superconductor. 4 The film thickness ~ 4 nm is chosen so that the Au(111) layer thickness is much greater than the SS penetration depth (~3.2 monolayer), 5 and thin enough to allow fully induced SC gap in its bulk, 6 in contrast to the previous report on Ag(111) where the SS penetration depth is comparable to the layer thickness. 5, 7 Our island-free Au(111) layer on V (Fig. 1) further allows uniformly induced SC gap, which could otherwise be degraded by island boundaries, [7] [8] [9] providing a stable platform for fabricating scalable Au nanowire network in the future for detecting and braiding the MBS. 1, 10 The high quality Au(111) layer, confirmed by atomically resolved STM topography ( Fig.   1c and 1d) , possesses clear SS. The bottom of the SS band ( ) manifests as a peak in / vs spectrum at ~ -0.57 eV ( Fig. 1c inset and Fig. 2b ). Compared to bulk Au crystals, 11, 12 our measured is close but lower. This could be a result of the STM tip electric field affecting the SS, or could indicate that the value of may be different in 4nm Au(111) grown on V. At = 0 eV, where is located, the Fermi level therefore crosses both bulk states and SS. It has been shown that the SS of a noble metal can degrade when growing on another metal and having a thickness comparable to the SS decaying depth. 5 The sharp / peak (Fig. 1c inset) demonstrates that the SS is well defined.
We show that sensitively depends on the dielectric environment above the Au(111) surface (Fig. 2) , an effect which is crucial for electronically manipulating MBS in future experiments. 1, 12 We modulate by growing ultra-thin EuS, a ferromagnetic high-dielectric insulator ( ~ 23.9 in bulk), 13 on top of Au(111)/V (Fig. 2a) . Rectangular shaped EuS islands with uniform monolayer (ML) height (~2.8 Å) grow well on Au(111). In order to estimate how a ML of EuS affects the surface state of the underneath Au, we measure spectroscopy on top of EuS island and bare Au surface sequentially (see Fig. 2b ). On both bare and EuS covered sites, / shows a peak at (Fig. 2b) impractical, so we fabricated planar thin film sandwich tunnel junctions (TJs) and perform / tunneling spectroscopy through the 2.4 nm thick EuS layer (Fig. 2c ). In TJs, we observe that approaches further with | | ~ 34 meV ( Fig. 2c) , which is in the vicinity of the Kramers degeneracy point. 20 A sizable Zeeman field, such as that provided by the EuS layer, [16] [17] [18] 21, 22 is predicted to cause topological SC and MBS. 1 The depletion of the SS also serves to reduce the number of the SS sub-bands, leading to a much more favorable condition for the creation of MBS's. 1 The induced bulk SC gap in the 4 nm Au(111) is expected to be governed by conventional proximity effect. According to McMillian's model, 6 when a normal metal is in contact with a superconductor, the normal metal obtains a proximity induced self-energy of:
where and denote the self-energies of the normal metal and the superconductor due to phonons ( ~ 0 for Au). 6 The energy scales and are defined as and ,
where relaxation times and represent the time a quasiparticle spent in the Au(111) layer and the V layer respectively. we find ≫ for 4nm Au(111) grown on 20nm V. Therefore, we expect ∆ (Eq. 1)
indicating that the bulk states of Au(111) inherit the full SC gap from V. Such conventional proximity effect is revealed by our TJs with EuS barrier, in which a SC gap shows up when T is below the of Au(111)/V (Fig. 3a) . 4 As the temperature of the sample being lowered below 2.5 K, the / coherence peaks split (Fig. 3a) . We attribute such splitting feature to indicate the emergence of a new SC gap in Au(111), and that it does not correspond to the lifted spin degeneracy in Au(111) under the magnetic exchange field (MEF) of EuS as previously seen in Al. 21 In materials with strong SOC, such as Au(111), spin is not a good quantum number and thus the spin splitting of the quasiparticle density-of-states (DOS) is suppressed in the presence of strong MEF, as has been demonstrated in Al TJs with Pt scatters. 24 To confirm that the spin splitting is suppressed, the Al2O3/Al interface in a standard Al/Al2O3/Al/EuS junction is decorated with a sub-monolayer of Au ( Fig. 3b and SI) . The typical / spectra (Fig. 3b) show collapsed spin-split coherence peaks in the presence of only 0.6 Å Au at the interface. Using Maki-Fulde model, [25] [26] [27] [28] we show that the spin-orbit scattering
, where is the spin-orbit scattering time and Δ is the superconductor gap), systematically increases when the Au thickness increases (SI) and the split coherence peaks in 4nm Au (Fig. 3a) could not be caused by MEF. Hence the development of the second peak in To better resolve the emergent SC gap, the sample is cooled down to T = 1.0 K (Fig. 3c) and we observe four / peaks labeled as , , and representing the sum (+) and difference (-) tunneling processes in a S-I-S TJ. The / spectrum can be modeled by considering two SC gaps in the Au(111) layer: bulk gap (B) and surface gap (S) (Fig. 3d) . The total quasiparticle DOS in Au(111) can be written as the sum of two BCS terms, i.e. one from bulk (B) and one from surface (S), as:
with adjusting the ratio of the two, and Γ the lifetime of the quasiparticles. 29 The model (Eq. 2)
reproduces the position and the relative magnitudes of the / peaks (Fig. 3c) . We thereby extract the SC gaps as: Δ = 0.63 ± 0.04 meV, Δ = 0.22 ± 0.04 meV, and Δ = 0.38 ± 0.02 meV.
Both the bulk gap (Δ ) and the Al gap (Δ ), as expected, nicely agree with the BCS relation from the induced bulk SC due to the conventional proximity effect as describe by Eq. 1. On the other hand, Δ , with a smaller size, has to come from a different energy band in Au (111). Since crosses both bulk and surface bands ( Fig. 2c and 2d ), Δ is a result of the induced SC in the SS of Au(111). As discussed previously, the SS has a penetration depth of only ~ 3.2 monolayers in Au(111), 5 and is thus well separated from V by the 4nm thick Au(111) layer. Conventional proximity effect (Eq. 1) cannot account for this. Furthermore, the SS band lies within a large gap of the bulk bands when projected to the (111) surface which is responsible for the well-defined nature of the SS. This also means that direct single electron hopping is not possible between the surface and the bulk. Thus, the gap Δ must be induced indirectly -concurring with our previous theoretical predictions. 1 The idea is that while a single electron in the SS has no overlap with the bulk electronic state, a pair of SS electrons can couple to a Cooper pair in the bulk via elastic scattering from impurities or inelastic scattering due to phonons or Coulomb interactions. We point out that the peaks , and do not result from the sub-gap bound states caused by Andreev reflections as explained below. Such bound states would satisfy the De Gennes -St.
James equation as:
cos with the energy of the bound states, the trajectory length of the coherent Andreev pairs, and Δ the main SC gap (Δ Δ in our case). 30 However, if we assume , the peak positions of other sub-gap peaks ( and ) cannot be reproduced by the De Gennes -St. James equation. Moreover, as shown in Fig. 3c , the tunneling conductance at is at least four times larger than those of the other peaks. This excludes also the possibility that they are contributed by the spin-split coherence peaks of Al under the MEF of EuS. 24 Therefore, the emergence of Δ is clearly attributable to the induced SC in the SS of Au(111).
The SC in SS further demonstrates contrasting properties under an external magnetic field suggesting its 2D nature. We apply a magnetic field ∥ of 270 Oe parallel to the film plane of the junction (Fig. 4a) , large enough to align EuS magnetization. 19 The peak heights at and drop noticeably under ∥ (Fig. 4b) as a result of the orbital depairing effects. Because and correspond to the quasiparticle tunneling between the bulk states of Au(111) and Al, the enhanced depairing reflects the weakening of bulk SC. 24 However, the and peaks are noticeably increased (Fig. 4b) suggesting an improved quasiparticle lifetime, and which cannot be attributed to the tunneling of bulk states with ∥ present. However, it is known that the depairing effect can be largely suppressed in superconductors approaching the 2D limit, where the thicknesses of the superconductor is smaller than the penetration depth of a parallel magnetic field. 24 Therefore, and could involve the tunneling of 2D-like quasiparticles such as those from the SS of Au(111). Interestingly, we observe an additional / peak at zero voltage (Fig. 3c) , which doesn't decay when ∥ is applied, while it disappears when is applied. Our model in Eq. (2) cannot account for this / peak. We suggest that this / peak could be due to Andreev 
Methods:
We use similar growth method as reported before. For tunneling involving the SS quasiparticles of Au, the conductance peak (red curves) is enhanced by the applied magnetic field, which indicates the 2D nature of the quasiparticles in SS.
S1: Suppression of Zeeman field induced quasiparticle spin splitting due to spin-orbit coupling (SOC)
The exchange field of an FMI (ferromagnetic insulator), such as EuS, is known to cause spin-splitting of the quasiparticle density of states (DOS) of a superconductor in proximity to the FMI.
1 When the energy of the spin-splitting is large enough compared to the superconductivity (SC) gap, Pauli limit is reached and SC is destroyed. In the presence of SOC in a superconductor, the spin is not a good quantum number. In this case the spin-splitting due to the exchange field is suppressed causing the increase of the upper critical field beyond the Pauli limit. 2 Such phenomena have been observed in Al thin films decorated with platinum (Pt) SOC scatters, 2, 3 and in monolayer NbSe2 with large Dresselhaus SOC. 4 We show that the SOC of Au is strong enough to completely suppress the spin splitting of quasiparticles in a s-wave superconductor.
We Using Maki-Fulde model (see S3), [5] [6] [7] [8] [9] we simulate the / tunneling spectra (Fig. S1) by tuning the dimensionless spin-orbit scattering rate 3Δ ⁄ , where is the spin-orbit scattering time and Δ is the energy gap of the superconductor. The simulation results are compared with experimental data for a set of tunnel junctions (Fig. S1) , where is systematically tuned by controlling the thicknesses of Au at the junction interface. In the absence of interfacial Au, (i.e., Au 0Å in Fig. S1 ), the spin splitting of the quasiparticle DOS is welldefined. The simulation using Maki-Fulde model suggests ~ 0.20. We note that ~ 0.03 is expected for Al with no spin-orbit scatters, 2 while the higher value we get could be attributed to the spin-flip scatterings (magnetic scattering), which adds extra terms to the Maki-Fulde formula and thus increases the value of . 6, 10 The magnetic scatterings could come from the unaligned magnetic Eu
2+
ions at the interface and domain walls in EuS at zero or low fields.
However, the systematic increase of (Fig. S1 ) as Au is introduced at the interface is due to the increase of spin-orbit scattering. As the Au decoration is increased, the spin splitting of the quasiparticles becomes less prominent. The spin split / peaks merge and is further accompanied by a significant decrease of the peak for the spin with higher energy (Fig. S1 ).
When Au is 0.6 Å thick, much less than a monolayer, the spin splitting is completely suppressed ( corresponds to the spin ↑ (↓). As is pointed previously, we solve in Eq. S1 numerically using Newton-Raphson methods in a recursive manner. 9, 11, 12 Thus, the tunneling current is:
Here is the quasiparticle DOS of aluminum (top tunneling electrode) and , describes the Fermi-Dirac distribution. The tunneling conductance / is simulated according to Eq. S1-S3 and is compared to our measured tunnel conductance so as to extract the spin-orbit parameter ( Fig. S1 and Fig. 3b ). The strength of the SOC due to Au, given by , is comparable to that due to the Pt spin-orbit scatters as reported previously. 
